With an assay that quantitates the transfer of 6-thioguanylic acid from hypoxanthine phosphoribosyltransferase (IMP:pyrophosphate 
There is considerable evidence that, in multicellular organisms, contact-interactions between cells play an important role in developmental processes as well as in control of cellular proliferation (1, 2) . Intercellular communication can be mediated by membrane proteins that form junctional complexes between cells (3). One of these, the gap junction, forms a low-resistance pathway between cells in contact, which facilitates the direct transfer of ions, metabolites, nucleotides, and possibly other small regulatory molecules from cytoplasm to cytoplasm, without leakage into the extracellular space (3) .
Although it is clear that gap junctions mediate the rapid transmission of electrical signals in excitable cells, their function in nonexcitable cells remains to be defined (4) . Perhaps the diffusion of small molecules through the junctions provides a mechanism for homeostasis through equalization of ionic and metabolic pools and transmission of signals for induction of developmental processes, as well as for the coordinated control of growth and replication (4) (5) (6) (7) .
A corollary of the latter hypothesis is that cells with junctional defects subsequently lose cell contact-mediated growth control (4) (5) (6) (7) (8) . Studies using the transfer of ions (9) (10) (11) (12) (13) (14) (15) and nucleotides (15) (16) (17) (18) (contact-feeding) to the investigation of differences between normal and transformed human cells in culture (19) . The assay, based on the recovery of 6-thioguanine-resistant (6TG') clones from mixtures of hypoxanthine phosphoribosyltransferaset-positive (HPRT+) donor and HPRT-recipient cells in culture, reflects the contactmediated transfer of 6-thioguanylic acid from wild-type to mutant cells. Because of a striking uniformity in the extent of communication between normal human cells, even small deviations from normal should be detectable (19) .
We have compared cells transformed by simian virus 40 (SV40) with the normal § cells from which they were derived and with cells cultured from human malignant tumors, for their ability to contact-feed. Our observations indicate that the transformed cells donate or receive nucleotides less than do their normal counterparts. Reduced communication in transformed cells supports the hypothesis that junctional communication is important for growth control (5, 6, 8) .
METHODS
Cells. The cell strains used in the present study are described in Table 1 . LNSV, HT-1080, and HT-1080-6TGr were a generous gift from C. Croce. D98/AH2 (CCL 18.3) and Lg29 (CCL 1) were obtained from the American Type Culture Collection. All other cell strains were isolated in our laboratory and stored in liquid nitrogen. Clones of strains 1 and 81 had been transformed by SV40 as described (20) . The normal cells were used in their 4-10th subcultures and clones were obtained according to the method of Ham and Puck (28) .
In contrast to transformed cells, normal human fibroblasts have a stable euploid karyotype and limited life-span in vitro (29) , do not proliferate in agar (21) or produce tumors in nude mice (30) , and do not transform spontaneously.
Media. Cells were maintained in Eagle's minimal essential medium supplemented with nonessential amino acids, glutamine, penicillin and streptomycin, amphotericin B and 20% fetal calf serum (GIBCO) in 60-mm Lux plastic tissue culture dishes. For the standard contact-feeding assay, 60 ,M 6TG (2-amino-6-mercaptopurine, Calbiochem) was added to the medium (hereafter referred to as 6TG medium).
Contact-Feeding Assay. The contact-feeding assay, which involves the coculture of HPRT+ and HPRT-cells in 6TG medium, has been described in detail (19 The availability of HPRT+ donor and HPRT-recipient cells of both normal and transformed phenotypes enabled comparisons in all possible combinations of donor and recipient cells: normal donor + normal recipient (N:N); transformed donor + normal recipient (T:N); normal donor + transformed recipient (N:T); transformed donor + transformed recipient (T:T).
For each donor:recipient pair tested, 200 HPRT-cells were cocultivated with increasing numbers of HPRT+ cells (0, 5 X 103, 104, 2.5 X 104,.. ., 2.5 X 106) in duplicate 60-mm dishes in 6TG medium. The dishes were incubated at 370 in 5% CO2 for 14 days; the medium was changed twice weekly. After fixation in 95% ethanol, the dishes were stained in Giemsa and scored for macroscopic clones. The number of 6TGr clones recovered from the mixed cultures was expressed as a percentage of the number of 6TGr clones in the control recovered when HPRT-cells were plated alone. The results from each donor-recipient pair were plotted against the number of HPRT+ cells in the mixture to form a survival curve. The extent of contact-feeding is extrapolated from the survival curve and is expressed as the mean lethal dose (MLD)-i.e., the number of HPRT+ cells (Xl0-4) required to prevent the survival of 50% of the 6TGr clones., The MLD varies inversely with the ability of a cell to contact-feed: the higher the MLD, the less contactfeeding there is.
Cell Volume Determinations. After cells were detached with 0.1% Pronase, cell volume distributions were estimated with a Coulter counter and channelizer according to the method of Mitsui 
RESULTS
The contact-feeding assays comparing normal and fibrosarcoma-derived donor and recipient cells are illustrated in Fig.  1 . The MLD is a direct function of the number of 6TGr clones recovered at a given donor dose. Hence, it is an inverse measure of the extent of contact-feeding. Curves comparing survival of SV40-transformed donor and recipient cells to that of the normal cells from which they were derived are shown in Fig. 2 . The MLD from contact-feeding assays between various combinations of normal and transformed cells as donor:recipient pairs are given in Table 2 . Table 3 summarizes results of  Table 2 Normal Donors with Transformed Recipients (N:T). When normal donor cells were paired with recipient cells cultured from human tumors, D98 or HT1080-6TGr, the MLDs were 10-fold greater than normal, indicating reduced communication. Communication was also less when the recipient cells were SV40-transformed; however, there were differences between the earlier and later subcultures of LNSV. Although both lines communicated less than the line from which they were derived (strain 75), the older LNSV 140 had MLD values significantly higher than did LNSV 78 (P < 0.001).
The Moreover, the reduction in communication was compounded when both donors and recipients were transformed, indicating a synergistic effect. The MLDs for these donor:recipient pairs were consistently higher than those found when only one member of each pair was a transformed cell. This dosage effect was also observed when fetal donor cells were paired with transformed recipients.
The most severe reduction in communication was noted when D98, the transformed recipient, was paired with a transformed donor. In fact, the MLD values for this combination of cells was in the same range as that for noncommunicating L cell (Table 3) . DISCUSSION Our results demonstrate that the contact-feeding assay used in these experiments is sensitive enough to detect a wide range of differences in the communication phenotype of various cell types. We observed that transformed cells, irrespective of origin, consistently communicate nucleotides to a lesser extent than do their normal counterparts. The reduction in contact-feeding is noted whether transformed cells are used as donor (T:N) or recipient (N:T) and is compounded when transformed cells are used as both (T:T).
There is substantial evidence that the gap junction is the ultrastructural basis for the transfer of ions, nucleotides, and other small molecules between cells in contact (3, 25, 26) . There is considerable evidence that our contact-feeding assay quantitates gap junction-mediated communication of a growth inhibitory derivative of 6TG. We have previously shown that the decrease in recovery of 6TGr clones is contact-dependent (19) . Others have established, by autoradiography, that the labeled molecules transferred from HPRT+ to HPRT-cells are the nucleotide products of the enzymatic reaction (32) , and that this transfer is contact-dependent (15-17, 27, 32 ) and is not affected (3, 25) . As expected if our assay were measuring gap junction-mediated communication, the recovery of 6TGr clones (Table 3) is not influenced by the presence, as donors, of the L cell, known to be noncommunicating by all criteria [lacking gap junctions (25, 26) as well as the ability to transfer ions (25, 26) and nucleotides (17, 25, 27) over, the dosage effect, or severe reduction in communication, observed when both donor and recipient are transformed (T:T) is expected because, in this case, both cell types manifest junctional defects. Therefore, there is even less probability that functional channels will be formed. The fact that the dosage effect was usually more than additive and often multiplicative, when compared to the corresponding values for T:N and N:T interactions, supports this expectation.
The reduction in functional junctions that we observe is supported by ultrastructural studies that have revealed a reduced number of gap junctions in various malignant cells (34) . Cervical carcinomas have a severe reduction in gap junctions compared with normal cervical tissues (35) . These findings are particularly relevant because D98 is a derivative of HeLa, a cervical carcinoma cell. Other supporting evidence is that virally transformed hamster cells and HeLa cell strains communicate tritiated nucleotides at an intermediate level (18, 27) , while other HeLa cells (17) and hepatomas (15) do not communicate nucleotides at all.
The absence of junctional communication, assayed by ionic coupling experiments, has been observed in several malignant tumors (9, 12, 13) and in cultured cells transformed by viral and other carcinogenic agents (14, 15) . Recently, Azarnia and Loewenstein (36) reported a delay in formation of functional junctions in cultures of hepatoma cells and restricted exchange of an identified 330-dalton molecule between these cells, of relevance because nucleotides are of similar size.
It is not surprising to find an abnormal membrane phenotype in transformed cells because several differences in other membrane characteristics have been noted previously (37 The reduced communication noted in transformed cells could be explained on the basis of (i) quantitative differences in the gap junction proteins synthesized by the cell or inserted into the membrane; (ii) qualitative differences in the junctional proteins that decrease permeability, pore size, or efficiency of junction formation; or (iii) differences in topographical distribution of junctional particles displayed on the membrane. Correlation of the gap junction ultrastructure with the contact-feeding phenotype in normal, transformed, and fetal cells is needed to confirm our interpretation of the results of the contact-feeding assays and to reveal the nature of the defect at the ultrastructural level.
